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Linkage-based genome assembly 
improvement of oil palm (Elaeis 
guineensis)
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Meiotic crossovers in outbred species, such as oil palm (Elaeis guineensis Jacq., 2n = 32) contribute to 
allelic re-assortment in the genome. Such genetic variation is usually exploited in breeding to combine 
positive alleles for trait superiority. A good quality reference genome is essential for identifying the 
genetic factors underlying traits of interest through linkage or association studies. At the moment, 
an AVRos pisifera genome is publicly available for oil palm. Distribution and frequency of crossovers 
throughout chromosomes in different origins of oil palm are still unclear. Hence, an ultrahigh-density 
genomic linkage map of a commercial Deli dura x AVROS pisifera family was constructed using the 
OP200K SNP array, to evaluate the genetic alignment with the genome assembly. A total of 27,890 
linked SNP markers generated a total map length of 1,151.7 cM and an average mapping interval of 
0.04 cM. Nineteen linkage groups represented 16 pseudo-chromosomes of oil palm, with 61.7% of the 
mapped SNPs present in the published genome. Meanwhile, the physical map was also successfully 
extended from 658 Mb to 969 Mb by assigning unplaced scaffolds to the pseudo-chromosomes. A genic 
linkage map with major representation of sugar and lipid biosynthesis pathways was subsequently built 
for future studies on oil related quantitative trait loci (QTL). This study improves the current physical 
genome of the commercial oil palm, and provides important insights into its recombination landscape, 
eventually unlocking the full potential genome sequence-enabled biology for oil palm.
Oil palm (Elaeis guineensis Jacq.) is the only major crop member in the Arecaceae family producing edible oil1. 
Being an efficient oil crop, the average oil yield of oil palm is 4 metric tons per hectare every year, which is approx-
imately 10 times higher than soy (Glycine max.)2,3. Palm oil is currently the most traded vegetable oil, supplying 
one third of global vegetative oil3,4 on less than 6% of the world’s agricultural land dedicated to oil crops. Despite 
yield superiority, most of the commercially grown oil palm materials have undergone only a limited number of 
generations of selection since 1920’s due to long selection cycles (12–19 years). In recent decades, the oil palm 
industry has put major effort into genomics and DNA marker research, primarily to hasten breeding progress. To 
achieve this, marker-assisted selection (MAS) has been introduced into breeding programmes to allow estimation 
of the breeding values in palms as early as the nursery stage5,6.
Marker-assisted selection usually requires prior knowledge on the distribution of quantitative trait loci (QTL) 
for a targeted trait in the genome. Over 20 years, linkage maps from various backgrounds of oil palm have been 
constructed. The first restriction fragment length polymorphism (RFLP)-based linkage map for oil palm was 
reported in a self-pollinated palm from the Binga origin in Africa7. Similar efforts were then continued mainly 
using microsatellites for higher throughput and reproducibility, followed by QTL localization onto these maps8–10. 
The family-based mapping approach was found to be useful for detecting major QTLs, however QTLs were not 
consistent across populations (with a few exceptions). Consensus maps of one or a number of progenies, using 
single nucleotide polymorphism (SNP) markers have been constructed to maximize marker density11,12.
Genetic maps reflect the actual inheritance of loci into their offspring based on the patterns of recombination 
during meiosis. Recombination is generally modelled to be a Poisson distribution, with individual chromosomes 
in each individual gamete expected to undergo at least one recombination event (as this is needed for correct 
disjunction), but generally no more than three. These are then converted to centiMorgans (cM) through the use 
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of mapping functions, such as the Haldane or Kosambi13–15. This limitation in the extent of recombination in gam-
etes also restricts the rate at which alleles close together on the same chromosome are separated in the offspring. 
Recombination is also not randomly distributed across the genome, with larger genome species often having high 
levels of recombination at the ends of the chromosome, but little recombination in the heterochromatic and cen-
tromeric regions of the chromosome, despite genes still being present (e.g. in wheat16,17). Recombination within 
an oil palm progeny limits the potential combination of alleles that can be achieved by breeding and, particularly, 
the number of offspring that need to be generated to be able to identify those with the desired combinations.
Conventional oil palm breeding is often based on using test-crosses to evaluate the breeding potential of a 
parent. To assess parents and develop General Combining Ability (GCA; additive effects) and Specific Combining 
Ability (SCA; non-additive effects) for parental selection, the number of crosses assessed is more important 
than the absolute number of test-cross palms recorded (Corley and Tinker, 2015). In practice, 16 to 96 palms 
per cross in a trial are planted. This limited number of individuals from a single cross has focused attention on 
genome-wide association studies (GWAS). Teh and colleagues evaluated two multi-parent populations (2,045 
tenera palms) for mesocarp oil yield18 using a high-density OP200K SNP array19. The GWAS was based on the 
published physical genome of a pisifera palm of E. guineensis20. Only 60% (55,054) of the SNPs informative in 
the cross were mapped onto the reference genome. Furthermore, the size of the pseudo-molecule physical map 
is merely one third (657.96 Mb) of the full expected 1.8-Gb genome size and even the total scaffold lengths only 
added up to 1.53 Gb, which is still incomplete. Hence, it is critical to further improve the reference genome to 
unlock the full potential of genome-enabled biology for oil palm. Linkage maps can contribute to the placement 
of scaffolds into the pseudo-chromosomes. The maps also give important information on the relative recombina-
tion distance between loci from different pools of germplasm. In combination with a physical genome sequence, 
they can indicate the presence of inversions, translocations and duplications which may influence how effectively 
important gene combinations can be brought together through crossing and marker selection.
For the oil palm industry, the commercial planting materials are dominated by high-yielding tenera palms, 
which are derived from crosses between Deli dura and AVROS pisifera. The paternal pisifera is more heterozygous 
due to lower levels of inbreeding (although potentially from an extremely narrow genetic base) while the maternal 
dura is normally the descendent from generations of self-pollination or sib-mating from a limited gene pool21. 
Genetic differences, such as large scale structure variations among the genomes of dura, tenera and pisifera can 
confound QTL results, predicted genetic interactions and breeding objectives, resulting in inconsistencies of QTL 
positions between different origins. Currently, the extent of such variation in oil palm is still unclear.
In this study, we aimed (1) to construct an ultrahigh-density reference linkage map for genome sequence 
improvement using the largest commercial tenera population reported to date; (2) to integrate linkage maps 
of both parents and their progeny to the physical genome; (3) to map a genic SNP subset representing genes in 
important biochemical pathways for future QTL analyses, especially oil yield traits.
Materials and Methods
Mapping population and DNA preparation. A total of 295 F1 tenera palms derived from a maternal Deli 
dura and paternal AVROS pisifera (278 x TT41/4) family were selected as a mapping population. The same origin 
(Deli dura x AVROS pisifera) was represented in the pool of 59 accessions used for array design. Fresh tissue was 
sampled from the third leaflet of each seedling. The population is currently at juvenile stage and maintained at 
Sime Darby Plantation, Malaysia. Total genomic DNA was isolated from 0.1 g of the leaf tissue using the DNAeasy 
Plant Mini Kit (Qiagen, Germany). The DNA quality was then quantified on a 0.8% agarose gel using known 
standards.
SNP identification and genotyping. The mapping population (genomic DNA = 25 ng/μl) was geno-
typed using the 200,000 SNPs accommodated on the published OP200K Infinium array (Illumina, USA) on the 
Infinium iScan platform according to the manufacturer’s recommendations19. The raw intensity SNP data were 
analysed with GenomeStudio version 2001.1 with genotyping module version 1.8.4. Using a GenCall score cut-off 
of 0.15, auto-clustering of the SNPs was done. The SNP clustering was done and was manually confirmed by visual 
inspection. The SNP call were exported into the PLINK program for minor allelic frequency (MAF) and call-rate 
filtering22.
Mining of genic SNP markers and annotations. All oil palm transcriptome sequences available in 
GenBank23 were downloaded and combined with an in-house developed transcriptome database24,25. The tran-
scriptome dataset was then aligned to the published oil palm genome20 using BLAT26 to identify gene structures. 
The SNP markers which were found in the published genome, residing within an interval between the first exon 
and the last exon of the gene structure were marked as ‘genic’. This step was done using an in-house Perl script. 
The SNP-tagged transcripts were annotated by referring to KEGG27 and UniProt28 databases using BLASTN29 
sequence homology search. This allowed us not only to identify SNPs within genes with a potential influence on 
important traits, but also to construct a reference genic SNP-based linkage map in oil palm.
Construction of genomic, genic SNP-based linkage maps and integration with physical 
map. Polymorphic SNPs were identified where at least one of the parents was heterozygous. Subsequently, 
polymorphic SNPs were discarded if call rate <95% or if they had high segregation distortion using False 
Discovery Rate (FDR) corrected method with cutoff at p-value > 0.05. Next, linkage maps were constructed 
using Lep-MAP330,31 for large SNP datasets, which was especially developed for outbred families like oil palm 
with an underlying maximum likelihood (ML) method. Filtering modules was used for marker quality checking, 
followed by running the Separate Chromosomes module for binning the assayed markers into linkage groups 
with optimised LOD values ranging from 4 to 30. The Join Singles module assigned singular markers to existing 
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linkage groups to maximize the map-abilities of the total input marker group. Lastly, the Order Markers module 
ordered the binned markers according to the Kosambi mapping function for conversion of recombination fre-
quencies into map distances (in unit centiMorgan, cM). The option “sexAveraged = 1” was selected along with 
Order Markers to join the maps of both parents. The polymorphic genic SNP subset was subsequently loaded into 
JoinMap 532 for linkage mapping to compare the performance of different mapping tools as well as to validate the 
mapping results. The parameters were set to default, the mapping function used here was ML for estimations of 
marker distances (in unit cM). All linkage maps were visualised using an R script with minor modifications33 and 
Mapchart34.
Common SNP markers were used to carry out a comparative analysis between the linkage maps in cM dis-
tance (dura parent, pisifera parent and tenera progeny) and the physical map in Mb distance, with each chromo-
some visualised in plots. The scatter plots to visualise the integration of the genomic SNP-based genetic map and 
the physical map was plotted using an in-house R script. Each chromosome was plotted separately to visualise the 
comparisons between both parental and progeny (combined) maps against the genome assembly.
Improvement of genome coverage. SNP markers from OP200K were mapped against the published oil 
palm assembled sequences, available at NCBI under BioProject accessions https://www.ncbi.nlm.nih.gov/biopro-
ject/PRJNA434010 and the assembly at https://www.ncbi.nlm.nih.gov/assembly/GCA_000442705, for the whole 
genome shotgun sequencing project with all scaffolds including the unplaced scaffolds on the physical map. The 
progeny (combined) linkage map was applied to bin and anchor the unplaced scaffolds to the physical map. The 
improvement of genome coverage was quantified based on the sum of the newly anchored scaffolds and their total 
length in unit of Mb for each of the pseudo-chromosomes.
Results
Identification of genomic and genic SNPs. A total of 34,315 genomic SNPs was identified to be poly-
morphic in the mapping population, and the number was reduced to 29,057 SNPs after removing the segrega-
tion-distorted markers or those with call rate <95%. For linkage analysis, 27,890 SNPs and the subset of 2,314 
genic markers were mapped, respectively (Table 1).
Construction of genomic and genic SNP-based linkage maps. Two linkage maps of Deli dura x 
AVROS pisifera were constructed using different set of SNPs. The first set consisted of 27,890 genomic SNPs that 
were successfully assigned to the 19 linkage groups (LGs; representing the 16 chromosomes of oil palm), spanning 
1,151.7 cM with an average mapping interval of 0.04 cM (Table 1). Out of 27,890 genomic SNPs, 17,210 SNPs 
(61.7%) were found in the published genome. The LG number presented in Fig. 1 is ordered by chromosome 
number for better traceability. The oil palm consists of a diploid genome with 16 chromosome pairs. In the linkage 
map, we observed three chromosomes (2, 5 and 7) fragmented into two LGs, respectively. By excluding the three 
Linkage 
group
Linkage 
Length (cM)
No. of linked 
SNPs
No. of SNPs mapping 
in published genome
Chromosome 
size (Mb)
No. of selected 
genic SNPs
Average Recombination 
rate (cM/Mb)
1 122.06 2422 1803 (74.4%) 68.44 215 1.8
2 119.96 3533 1535 (43.4%) 65.56 194 2.0
2.2 9.69 248 199 (80.2%)
3 103.24 2582 1959 (75.9%) 60.06 260 1.7
4 121.09 2235 1203 (53.8%) 57.25 134 2.1
5 33.04 1281 659 (51.4%) 51.96 84 0.8
5.2 7.83 124 75 (60.5%) 18
6 81.23 1752 1079 (61.6%) 44.36 117 1.8
7 25.67 889 758 (85.3%) 43.46 120 0.6
7.2 12.63 217 198 (91.2%)
8 89.42 2512 1312 (52.2%) 40.20 178 2.2
9 61.39 1723 889 (51.6%) 38.06 120 1.6
10 74.41 2912 1675 (57.5%) 31.90 310 2.3
11 50.81 1012 783 (77.4%) 30.07 98 1.7
12 84.92 1312 754 (57.5%) 28.80 123 2.9
13 27.37 620 423 (68.2%) 27.81 41 1.0
14 56.76 1553 1037 (66.8%) 24.38 165 2.3
15 42.48 586 541 (92.3%) 24.31 88 1.7
16 27.70 377 328 (87.0%) 21.37 49 1.3
Total 1151.70 27890 17210 (61.7%) 657.99 2314
Mean 60.62 1.8
Table 1. A summary of the Deli dura x AVROS pisifera linkage map using genomic SNP markers, the selected 
genic SNP markers and estimated recombination rate. cM – centiMorgan, the percentage of 200,000 SNP 
markers mapped in the reference genome in parentheses. *The linkage group number follows chromosome 
number of the published genome20.
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fragments, the longest LG 1 (122.06 cM) and the shortest LG 13 (27.37 cM) which also reflected the similar rank-
ing in terms of their chromosome sizes. On average, 60.62 cM per LG was observed. The ultrahigh-density linkage 
map is given in Fig. 1. The largest interval between markers was 26.68 cM and located on LG 12.
A set of 2,314 genic markers were selected from the total 27,890 linked SNPs to construct another map with 
lower complexity, based on genic SNP markers alone, designed for future QTL analyses. The map spanned 
1,733 cM with an average mapping interval of 0.75 cM (Supplementary Table 1). The obtained 18 LGs was still 
higher than the expected 16 LGs for the oil palm genome (Fig. 2A). Two LGs (5 and 11) were found to be frag-
mented in this map. In Fig. 2B, the annotation results indicate that the genic markers were mainly represented 
by seven pathways based the annotated genes/pathways, including (1) plant hormone signal transduction (25%), 
(2) starch and sucrose metabolism (19%), (3) glycolysis (13%), (4) glycerolphospholipid metabolism (13%), (5) 
fatty acid biosynthesis (8%), (6) glycerolipid metabolism (7%), (7) photosynthesis (3%). The pathway annotations 
Figure 1. An ultrahigh-density Deli dura x AVROS pisifera linkage map with 27,890 SNP markers. The left 
scale represents the linkage length in unit centiMorgan (cM), whereas the number below each bar represents the 
linkage group number/pseudo-chromosome.
Figure 2. (A) A high-density genic SNP-based linkage map of the Deli dura x AVROS pisifera family with 
2,314 SNP markers, (B) A pie chart depicting the distribution of the top-ranked pathway membership for the 
annotated genic SNP markers.
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were superimposed on the linkage map (Fig. 2A). The genomic SNPs and the subset of genic markers were used 
to construct maps using Lep-MAP3 and JoinMap 5, respectively. The common SNP markers were compared, 
showing high concordance of marker ordering (Supplementary Fig. 1).
The integration between the linkage maps and the physical map. The genomic linkage distances of 
Deli dura (Parent 1), AVROS pisifera (Parent 2), and their tenera progeny were compared to the physical distances. 
The comparison results across 16 chromosomes are illustrated in Fig. 3. In general, the common SNPs among 
dura, pisifera and tenera shared the same linkage order due to parallel marker distributions against their phys-
ical positions. Lower recombination rates were observed on nine chromosomes for the dura parent, compared 
to the pisifera especially on Chromosome 7 and Chromosome 16. Higher rates of recombination for dura were 
only observed on Chromosomes 13 and 15. The combination of the dura and pisifera linkages map is through 
combining pairwise distances, so the recombination rate of the tenera is intermediate to the parental values. 
Interestingly, recombination on Chromosomes 7 and 16 of the tenera was due to one-sided inheritance of genetic 
polymorphism from the pisifera parent, alone. The order obtained between genetic and physical maps were gen-
erally good, except for Chromosomes 9, 11 and 12. Some evidence is seen for potential inversions of chromosome 
segments between the linkage population and the reference genome, such as on Chromosome 15 (15–20 Mb) 
and Chromosome 16 (0–4 Mb). Overall, the average recombination rate throughout the oil palm genome was 
estimated as 1.8 cM/Mb, ranging from 0.8 (Chromosome 5) to 2.9 cM/Mb (Chromosome 12) (Table 1).
Improvement of genome coverage. The average number of scaffolds contributing to genome sequences 
by Singh et al. (2013) are 19 scaffolds in each pseudo-chromosome. The ultrahigh-density linkage map iden-
tified a total of 311 Mb in scaffolds in addition to the existing genome assembly that could be added to the 
linkage groups. In total, 1,323 additional scaffolds were placed into pseudo-chromosome locations (Fig. 4A). 
Figure 4B depicted the total length for each pseudo-chromosome from published genome sequences. Each of 
the pseudo-chromosome was extended from this study with the most significant extension in Chromosome 2 at 
56 Mb, while Chromosome 15 and 16 also have minimal extensions of less than 1 Mb, hence the improvements 
were not distinguishable in the plot (Fig. 4B). After scaffolds addition, the physical map was successfully extended 
from 658 Mb to 969 Mb, which is equivalent to a 47% improvement. Still, the improved physical map only covers 
54% of the total genome based on the estimated genome size of oil palm of 1.8 Gb.
Discussion
The published OP200K Infinium array was derived from 59 important and diverse origins19 and was used in this 
study. This helps to explain why only 13.9% (27,890) of the assayed SNPs were polymorphic and could be mapped 
in the advanced commercial Deli dura x AVROS pisifera cross. Still, the average mapping interval of 0.04 cM is the 
highest reported, compared to previous studies (1.26 cM35, 1.40 cM10 and 0.29 cM36). In fact, the improvement of 
the mapping interval was mainly due to higher recombination detected in this larger mapping population, which 
Figure 3. Scatter plots of integration between genetic linkage order and physical marker order throughout the 
oil palm genome. Blue dots represent the dura genetic map and red dots represent the pisifera genetic map. Grey 
dot represents the tenera combined map. (*Fragmented linkage groups with shorter length, including LG 2.2, 
LG 5.2 and LG 7.2 were assigned to Chromosome 2, Chromosome 5 and Chromosome 7, respectively).
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was double the size of the 153 tenera palms used by Bin Bai and colleagues. So far, only Lep-MAP and MSTmap37 
programmes are able to map more than 10,000 SNP markers in under an hour. However, the MSTmap is lim-
ited to single families and phased data (including BC1, RIL, DH and Hap populations). The Lep-MAP does not 
have such limitations, so it was chosen to analyse the unphased cross-pollinating (CP) populations of oil palm. 
By using Lep-MAP3, the total length of the genomic SNP-based linkage map was significantly reduced from 
2,938.2 cM obtained using Lep-MAP236 to 1,151.7 cM. With 16 chromosomes, a combined linkage distance in 
the order of 1,600 cM would be expected. Lep-MAP3 is able to minimise inflated map length and ordering error 
when the number of markers is much higher than the mapping population size31. This is a critical improvement 
because incorrect map length can greatly affect subsequent recombination estimates.
For the genomic linkage map, each LG was named based to their published pseudo-chromosomes20 with 
61.7% of linked SNP sequences found in the reference genome (Table 1). The oil palm consists of a diploid 
genome with 16 homologous chromosome pairs (2n = 2× = 32). In this map three LGs fragmented into two 
parts from LG 2, LG 5 and LG 7, respectively (Fig. 1). Similar LG fragmentation was also observed in the genic 
linkage map (Fig. 2A). In this case, LG 2.2 and LG 7.2 were absent because none of their SNP was genic, whereas 
removing non-genic SNPs on LG 11 caused fragmentation to two groups. More markers normally confer a longer 
map, reflecting better mapping/genome coverage, but also potentially reflecting a reduction in the data quality 
as more comprehensive use is made of the dataset. The phenomena were not observed in this study. The genic 
linkage map with only 2,314 SNPs (1,733 cM) was longer than that of the genomic linkage map with 27,890 SNPs 
(1,151.7 cM). Although linkage analysis is often problematic when the number of markers is high (approaching 
10,000 markers). However, we found that both JoinMap 5 and Lep-MAP3 performed equally as reported30,31. The 
common SNP markers between the genomic and the genic linkage maps were in synteny (Supplementary Fig. 1), 
thus Lep-MAP3 is recommended.
Sugar and lipid-related biosynthesis pathways on the genic linkage map (Fig. 2) revealed genetic poly-
morphisms still present within the commercial tenera family which could be exploited in breeding program. 
Notably that there is still number of unannotated genes showing polymorphism within this population indicat-
ing novel genes might have important functions and to be discovered by further QTL mapping. The published 
QTLs for mesocarp oil content were located on Chromosome 5 and Chromosome 11 in Deli dura x AVROS 
pisifera population18. In the genic linkage map, the QTL region on Chromosome 5 was mainly populated by 
plant hormone signal transduction, glycerophospholipid and glycerolipid metabolism pathway genes. The plant 
hormone signal transduction pathways tagged by the most SNPs was closely related to plant floral development, 
growth and response to the environment38. As for the QTL region on Chromosome 11, included glycolysis and 
starch-and-sucrose metabolism pathways. However, double recombination should rarely occur in the genic link-
age map with an average mapping interval of 0.75 cM, which is much lower than 10 cM threshold39 and the 
mapping function partly compensates for this. For future QTL mapping analyses for oil yield traits in oil palm the 
genic linkage map with 10-fold fewer markers can be used, while also assessing polymorphism associated with 
genes known to be involved in important pathways related to oil production and energy.
Recombination frequency between marker and causal gene can weaken predictability of a trait. One way 
to quantify this effect is through genome-wide LD decay estimation, but it is influenced by the pedigree of the 
material. This parameter differs across origins, or even populations40,41. In oil palm, longer LDs in the commercial 
Figure 4. (A) Comparison of number of scaffolds from previous physical map20 and the improved physical map 
developed in this study. (B) Total length improvement (Mb) for each of the pseudo-chromosome after addition 
of new scaffolds to the published genome sequence in this study.
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populations have been observed, compared to wide germplasm materials18,19,42 and the evidence presented here 
suggests that maternal and paternal recombination patterns also vary, which potentially influences breeding strat-
egies. A good reference genome is also a key enabler to identify and characterise causal genes, based on recombi-
nation and to compare differences in genetic order, which could be indicative of structural rearrangements when 
compared to the physical genome. We further evaluated the assembled reference genome by comparing this 
with the genomic linkage maps of dura, pisifera and tenera. In general, these three linkage maps were well inte-
grated and consistent with the physical map, although differences in cM/Mb were consistently observed between 
the two parental maps. Telomeres are hotspots of recombination, with crossover events rarely happening at the 
centromeric region in the chromosomes of many species43. The lack of genetic distance observed in sections 
of Chromosome 6 and Chromosome 7 for the dura parent is likely to be an effect of non-informative markers 
for linkage in the dura parent and could well indicate identity-by-descent on the maternal side. Generally, a 
lack of polymorphism be due to identity-by-descent issues. More broadly, assignment of further scaffolds to the 
pseudo-chromosomes may allow more extensive genome coverage and could help to assign more genetic effects 
to specific chromosomes, rather than ‘group 17’ (unplaced) assignment, indicating a failure to be localised to a 
pseudo-chromosome (Fig. 4). The detected outliers and inversion of chromosome segments with respect to the 
reference genome also might reflect genuine rearrangements, mainly inversion and translocation or even duplica-
tions. Long-read sequencing approaches, such as Pacific Biosciences (PacBio)44 and Oxford Nanopore technolo-
gies45 along with optical mapping could be coupled with linkage mapping to confirm the extension of the genome 
from newly added scaffolds as well as to differentiate the genuine structural rearrangements from the errors46.
The evenness of recombination can also be assessed by recombination rates with respect to physical distance47. 
The average recombination rate for the commercial Deli dura x AVROS pisifera progeny was estimated at 1.8 cM/
Mb (Table 1), which was comparable to 2.0 cM/Mb for a bi-parental recombination inbred lines (RILs) derived 
from a chickpea (Cicer arietinum L.) family48. On the other hand, the parameter was higher than that of fourteen 
maize full-sib families of DH lines with <1.0 cM/Mb49. Breeding design and genetic resources that influence 
the recombination landscape in the genome, usually receive little attention in mapping analysis of oil palm. For 
oil palm breeding, a variant of reciprocal recurrent selection (RRS) or family and individual selection (FIS) is 
deployed, producing thick-shelled dura maternal and shell-less pisifera paternal pools and hybrids with thin 
shells and more mesocarp2. The superior parents with good combining ability assessed through progeny testing 
are pollinated to produce thin-shelled tenera commercial productions, with each selection cycle taking up to 
12–19 years. Thus, selection of mapping population mostly depends on the existing trials, which were origi-
nally established for conventional breeding programmes. Furthermore, recombination rates of Deli dura and 
AVROS pisifera were also different in this study, further supporting their distinct selection histories in the past. 
The Deli dura are (supposedly) direct descendants of the four palms planted in 1848 in the Bogor Botanical 
Garden, Indonesia, whereas the AVROS largely originated from the well-known Djongo palms in Congo2. We 
found that the highest rates of recombination in the tenera were inherited from the AVROS pisifera, but not on 
all chromosomes (Fig. 3). This may partly be an effect of uninformative meiotic events due to identity-by-descent 
in the dura which appears greater here, but the consistent trend on many chromosomes of higher recombina-
tion rates in the pisifera parent than the dura parent suggests a real effect. The results agree with the presence of 
limited polymorphism in particular chromosomes, partly reflecting the narrow genetic base of Deli dura due to 
generations of self-pollination or sib-mating originated from the four ancestors21. This findings pave the way for 
beginning to understand the effects of selection pressure in both parent pools and how these might be combined 
to achieve additional heterosis in oil palm.
This study provides a good foundation to improve the genome coverage in the oil palm genome assembly, to 
unlock the full potential of genome-enabled biology for oil palm. By using a high-density SNP array and a pop-
ulation of 295 palms, we have been able to assign a further 311 Mb of scaffolds to the pseudo-chromosomes of 
Singh et al.20. However, this additional 311 Mb has been assigned according to the linkage order in the Deli dura 
x AVROS pisifera cross (278 x TT41/4) used in this study, which may differ from the actual scaffold order (and, 
ultimately, the genome sequence order) present in the original pisifera used to generate the genome sequence. An 
understanding of these differences will be critical to fully understand GxE and GxG interactions, as well to begin 
to unravel the underlying basis for some trait QTL having strong effects in one origin, but none in others. The 
development of a genic-based map also allows breeders to search for QTLs for important oil yield traits with a 
smaller subset of candidate genes from known pathways. More importantly, the recombination landscape across 
parents potentially permits understanding of selection pressure in the genome of oil palm and where further 
improvement may be possible. Appropriate experimental designs and genetic resources are equally important as 
marker interval and population size to further improve the map quality and QTL searches, both through biparen-
tal and population approaches.
References
 1. Hartley, C. W. S. The Oil Palm. oil palm, https://doi.org/10.1002/9780470750971.ch1 (1967).
 2. Corley, R. H. V. & Tinker, P. B. The Oil Palm: Fifth Edition (2015).
 3. FAO. FAOSTAT. Food and Agriculture Organization of the United Nations (2017).
 4. Byerlee, D., Falcon, W. P. & Naylor, R. L. The tropical oil crop revolution: food, feed, fuel, and forests. The tropical oil crop revolution: 
food, feed, fuel, and forests, https://doi.org/10.1093/acprof:oso/9780190222987.001.0001 (2016).
 5. Wong, C. K. & Bernardo, R. Genomewide selection in oil palm: Increasing selection gain per unit time and cost with small 
populations. Theor. Appl. Genet, https://doi.org/10.1007/s00122-008-0715-5 (2008).
 6. Murphy, D. J. The future of oil palm as a major global crop: Opportunities and challenges. Journal of Oil Palm Research (2014).
 7. Mayes, S., Jack, P. L., Corley, R. H. & Marshall, D. F. Construction of a RFLP genetic linkage map for oil palm (Elaeis guineensis 
Jacq.). Genome 40, 116–122 (1997).
 8. Billotte, N. et al. Microsatellite-based high density linkage map in oil palm (Elaeis guineensis Jacq.). Theor. Appl. Genet. 110, 754–765 
(2005).
8Scientific RepoRts |          (2019) 9:6619  | https://doi.org/10.1038/s41598-019-42989-y
www.nature.com/scientificreportswww.nature.com/scientificreports/
 9. Rance, K. A., Mayes, S., Price, Z., Jack, P. L. & Corley, R. H. V. Quantitative trait loci for yield components in oil palm (Elaeis 
guineensis Jacq.). Theor Appl Genet, https://doi.org/10.1007/s122-001-8204-z (2001).
 10. Pootakham, W. et al. Genome-wide SNP discovery and identification of QTL associated with agronomic traits in oil palm using 
genotyping-by-sequencing (GBS). Genomics 105, 288–295 (2015).
 11. Lee, M. et al. A consensus linkage map of oil palm and a major QTL for stem height. Sci. Rep, https://doi.org/10.1038/srep08232 
(2015).
 12. Billotte, N. et al. QTL detection by multi-parent linkage mapping in oil palm (Elaeis guineensis Jacq.). Theor. Appl. Genet, https://
doi.org/10.1007/s00122-010-1284-y (2010).
 13. Gogoi, J., Ali, T. & Sharmah, R. Stochastic Model for Genetic Recombination because of Crossing over and Chromatid Exchange. 
Int. J. Comput. Appl. 80 (2013).
 14. Kosambi, D. D. The Estimation of Map Distances from Recombination Values. Ann. Eugen, https://doi.org/10.1111/j.1469-1809.1943.
tb02321.x (1943).
 15. Haldane, J. B. S. The combination of linkage values and the calculation of distances between the loci of linked factors. Journal of 
Genetics, https://doi.org/10.1016/j.biortech.2011.07.096 (1919).
 16. Sidhu, D. & Gill, K. S. Distribution of genes and recombination in wheat and other eukaryotes. Plant Cell. Tissue Organ Cult (2005).
 17. Jordan, K. W. et al. The genetic architecture of genome-wide recombination rate variation in allopolyploid wheat revealed by nested 
association mapping. Plant Journal, https://doi.org/10.1111/tpj.14009 (2018).
 18. Teh, C. K., et al. Genome-wide association study identifies three key loci for high mesocarp oil content in perennial crop oil palm. 
Sci. Rep. 6 (2016).
 19. Kwong, Q. B. et al. Development and Validation of a High-Density SNP Genotyping Array for African Oil Palm. Mol. Plant 9, 
1132–1141 (2016).
 20. Singh, R. et al. Oil palm genome sequence reveals divergence of interfertile species in old and new worlds. Nature 500, 335–339 
(2013).
 21. Seng, T. Y. et al. Genetic linkage map of a high yielding FELDA Deli × Yangambi oil palm cross. PLoS One 6 (2011).
 22. Purcell, S. et al. PLINK: A Tool Set for Whole-Genome Association and Population-Based Linkage Analyses. Am. J. Hum. Genet. 81, 
559–575 (2007).
 23. Clark, K., Karsch-Mizrachi, I., Lipman, D. J., Ostell, J. & Sayers, E. W. GenBank. Nucleic Acids Res. 44, D67–D72 (2016).
 24. Wong, Y. C. et al. Differential gene expression at different stages of mesocarp development in high- and low-yielding oil palm. BMC 
Genomics, https://doi.org/10.1186/s12864-017-3855-7 (2017).
 25. Wong, Y. et al. Expression Comparison of Oil Biosynthesis Genes in Oil Palm Mesocarp Tissue Using Custom Array. Microarrays, 
https://doi.org/10.3390/microarrays3040263 (2014).
 26. Kent, W. J. BLAT - The BLAST-like alignment tool. Genome Res. 12, 656–664 (2002).
 27. Ogata, H. et al. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Research 27, 29–34 (1999).
 28. The UniProt Consortium. UniProt: a hub for protein information. Nucleic Acids Res. 43, D204–12 (2015).
 29. BLAST. BLAST Basic Local Alignment Search Tool. Blast Program Selection Guide 1–18 (2013).
 30. Rastas, P. et al. Lep-MAP: Fast and accurate linkage map construction for large SNP datasets. Bioinformatics 29, 3128–3134 (2013).
 31. Rastas, P. Lep-MAP3: Robust linkage mapping even for low-coverage whole genome sequencing data. Bioinformatics 33, 3726–3732 
(2017).
 32. Van Ooijen, J. W. Multipoint maximum likelihood mapping in a full-sib family of an outbreeding species. Genet. Res. (Camb). 93, 
343–349 (2011).
 33. Hussain, W. et al. Genotyping-by-Sequencing Derived High-Density Linkage Map and its Application to QTL Mapping of Flag Leaf 
Traits in Bread Wheat. Sci. Rep, https://doi.org/10.1038/s41598-017-16006-z (2017).
 34. Voorrips, R. E. MapChart: Software for the Graphical Presentation of Linkage Maps and QTLs. J. Hered. 93, 77–78 (2002).
 35. Ting, N. C. et al. High density SNP and SSR-based genetic maps of two independent oil palm hybrids. BMC Genomics 15 (2014).
 36. Bai, B. et al. Developing genome-wide SNPs and constructing an ultrahigh-density linkage map in oil palm. Sci. Rep. 8 (2018).
 37. Wu, Y., Bhat, P. R., Close, T. J. & Lonardi, S. Efficient and accurate construction of genetic linkage maps from the minimum spanning 
tree of a graph. PLoS Genet, https://doi.org/10.1371/journal.pgen.1000212 (2008).
 38. Campos-Rivero, G. et al. Plant hormone signaling in flowering: An epigenetic point of view. Journal of Plant Physiology, https://doi.
org/10.1016/j.jplph.2017.03.018 (2017).
 39. Xu, Z., Zou, F. & Vision, T. J. Improving quantitative trait loci mapping resolution in experimental crosses by the use of genotypically 
selected samples. Genetics, https://doi.org/10.1534/genetics.104.033746 (2005).
 40. Bosch, E. et al. Decay of linkage disequilibrium within genes across HGDP-CEPH human samples: Most population isolates do not 
show increased LD. BMC Genomics, https://doi.org/10.1186/1471-2164-10-338 (2009).
 41. Stich, B., Urbany, C., Hoffmann, P. & Gebhardt, C. Population structure and linkage disequilibrium in diploid and tetraploid potato 
revealed by genome-wide high-density genotyping using the SolCAP SNP array. Plant Breed, https://doi.org/10.1111/pbr.12102 
(2013).
 42. Jin, J. et al. Draft genome sequence of an elite Dura palm and whole-genome patterns of DNA variation in oil palm. DNA Res, https://
doi.org/10.1093/dnares/dsw036 (2016).
 43. Mézard, C. Meiotic recombination hotspots in plants. Biochem. Soc. Trans. 34, 531–534 (2006).
 44. Rhoads, A. & Au, K. F. PB Sequencing and Its Applications. Genomics, Proteomics and Bioinformatics, https://doi.org/10.1016/j.
gpb.2015.08.002 (2015).
 45. Deamer, D., Akeson, M. & Branton, D. Three decades of nanopore sequencing. Nature Biotechnology, https://doi.org/10.1038/
nbt.3423 (2016).
 46. Pollard, M. O., Gurdasani, D., Mentzer, A. J., Porter, T. & Sandhu, M. S. Long reads: their purpose and place. Hum. Mol. Genet, 
https://doi.org/10.1093/hmg/ddy177 (2018).
 47. Reich, D. E. et al. Linkage disequilibrium in the human genome. Nature, https://doi.org/10.1038/35075590 (2001).
 48. Deokar, A. A. et al. Genome wide SNP identification in chickpea for use in development of a high density genetic map and 
improvement of chickpea reference genome assembly. BMC Genomics 15 (2014).
 49. Bauer, E. et al. Intraspecific variation of recombination rate in maize. Genome Biol, https://doi.org/10.1186/gb-2013-14-9-r103 
(2013).
Acknowledgements
We would like to thank the Breeding and Molecular Breeding Units of Sime Darby Plantation R&D for their 
assistance in sample collection and DNA preparation, and the IT team for high-performance computing-related 
support. We would also like to thank DNALandmarks Inc., Canada for their sequencing and genotyping service. 
This study is fully supported by grants from Sime Darby Plantation R&D Centre, Malaysia.
9Scientific RepoRts |          (2019) 9:6619  | https://doi.org/10.1038/s41598-019-42989-y
www.nature.com/scientificreportswww.nature.com/scientificreports/
Author Contributions
Conceptualization, C.K.T., A.L.O. and Q.B.K., Methodology, A.L.O., Q.B.K., C.K.T. and P.T.; Software, A.L.O. 
and Q.B.K.; Formal Analysis, A.L.O., Q.B.K., C.K.T. and P.T.; Investigation, A.L.O., Q.B.K., C.K.T. and P.T.; 
Data Curation, A.L.O., C.K.T, Q.B.K. and P.T.; Writing – Original Draft, A.L.O. and C.K.T.; Writing – Review & 
Editing, S.M., F.M. and D.R.A.; Visualization, A.L.O., C.K.T. and P.T.; Supervision, S.M., F.M. and D.R.A.; Project 
Administration, A.L.O., C.K.T. and Q.B.K.; Funding Acquisition, D.R.A.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42989-y.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
